This study utilizes data compiled over 21 years from the Central Weather 20
one includes 21 selected conventional weather stations (refer to Con-ST), and the other 23 contains all the available rain gauges (250 -500 gauges, mostly from the automatic ones; 24 refer to All-ST). The primary attempt of the study is to understand the potential impact of 25 the different gauge distributions between All-ST and Con-ST on the statistical characteristics 26 of typhoon-induced rainfall. The analyses indicate that although the average rainfall 27 amount calculated with Con-ST is statistically similar to that with All-ST, the former cannot 28 identify the precipitation extremes and rainfall distribution appropriately, especially in 29 mountainous areas. Because very few conventional stations are located over the 30 mountainous regions, the cumulative frequency obtained solely from Con-ST is not 31 representative. As compared to the results from All-ST, the extreme rainfall assessed from 32
Con-ST is on average underestimated by 23 % to 44 % for typhoons approaching different 33 portions of Taiwan. The uneven distribution of Con-ST, with only 3 located above the 34 mountains higher than 1000 m, is likely to cause significant biases in the interpretation of 35 rainfall patterns. This study illustrates the importance of the increase in the number of 36 available stations in assessing the long-term rainfall characteristic of typhoon-associated 37 heavy rainfall in Taiwan. 38
Introduction 39
Typhoon-induced rainfall remains one of the most important and challenging issues for 40 both research and forecast operation. In particular, accurate representation of the extreme 41 rainfall is very important for disaster prevention since serious flooding event is generally 42 associated with heavy or extreme rainfall. Taking the typhoon impact in Taiwan as an 43 example, multiple factors can affect the rainfall amount and distribution, and give rise to 44 considerable uncertainty in quantitative forecasts of typhoon-induced precipitation (Wu and 45 Kuo 1999) .
It has been suggested that factors influencing the typhoon-related rainfall in 46
Taiwan include the topographic effect of the Central Mountain Range (e.g., Chang et al. 47 1993; Wu et al. 2002; Tsai and Lee, 2009) , interaction between typhoon circulation and the 48
Asian monsoon system, such as the northeasterly in late typhoon season and southwesterly 49 in summer (Wu et al. 2009; Yu and Cheng 2014) , impact from another nearby typhoon (Wu 50 et al. 2010a) , and the location of the typhoons relative to the topography of Taiwan (Wu et al. 51 2013) . 52
Occasionally, such interactions among the above multiple factors could cause extremely 53 heavy rainfall events. For instance, Typhoon Morakot (2009) lashed southern Taiwan, 54 bringing torrential rainfall peaking at 3000 mm in 4 days that resulted in catastrophic floods 55 and landslides. A number of studies have addressed physical reasons behind the Morakot -56 produced heavy rainfall from different scientific perspectives, such as the large-scale 57 moisture convergence, the confluent flow due to interactions between the typhoon outer 58 circulation and the concurrent southwesterly monsoon, the asymmetric typhoon structure, the 59 slow translation speed, oceanic conditions conducive for typhoon development, and the 60 impact of Typhoon Goni (Ge et al. 2010; Hsu et al. 2010; Wang et al. 2010; Wu et al. 2010b; 61 Yeh et al. 2010; Zhang et al. 2010; Yen et al. 2011; Jou et al. 2012; Wang et al. 2012; Yu and 62 Cheng 2013; Wu 2013) . Wu and Yang (2011) coordinated a special issue titled, "Typhoon 63 Morakot (2009): Observation, Modeling, and Forecasting Applications", specifically 64 focusing on analysis of the different processes discussed above. 65
In addition to the investigation of a single extreme rainfall case, the long-term 66 characteristics of the typhoon-induced rainfall and their connection to climate change or 67 global warming is another important research topic (Liu et al. 2009; Chang et al. 2013) . 68 Chang et al. (2013) used rainfall data from 21 conventional weather stations of the Central 69
Weather Bureau (CWB) in Taiwan to examine the rainfall statistics for typhoons that made 70 landfall in Taiwan from 1960 to 2011. They reported that 8 of the top 12 typhoons in terms 71 of total rainfall occurred after 2004. Nevertheless, most conventional stations are 72 distributed along the coast with only 3 stations (i.e., station number 9, 10, and 11, marked in 73 Taiwan, where very intense rainfall has been frequently observed as typhoons influence 76
Taiwan (e.g., Yu and Cheng 2008; Yu and Cheng 2014) . It is reasonable to presume that the 77 analysis results based on the few conventional stations, which are unevenly distributed, is 78 not adequately representative of the typhoon-induced rainfall in Taiwan. 79
To address this issue, this study attempts to 1) examine the impact of rainfall data based 80 on the limited, unevenly distributed conventional stations on the statistical characteristics of 81 the typhoon-associated rainfall near Taiwan, and 2) highlight the importance of using data 82 from a large number of automatic rain gauge stations, which became available since 1990s, 83 to assess the statistical features of the typhoon-related rainfall. 84
This article is organized as below. The data and methodology are described in section 85 2, comparisons between results from the conventional stations and all the available rain 86 gauges are given in section 3, and section 4 will be the concluding remarks. 87 88 2. Data 89 Figure 1 shows the locations of the 21 conventional weather stations and the automatic 90 rain gauge measurements of CWB in Taiwan in some representative years. It is clear that 91 the number of automatic rain gauges has significantly increased since 1990, while the 92 number of rain gauges located below the altitude of 500 m has always accounted for more 93 than 70 % of all stations (Fig. 2) . In other words, the percentage of the stations located 94 above 500 m has been higher than 20 %, but never reaching 30 %, and those located above 95 1000 m have accounted for around 10 to 15 %. Stations at higher elevations (above 2000 m 96 or 3000 m) cover even smaller percentages. 97
Hourly rain gauge data from the conventional weather stations and the automatic 98 rainfall gauges are used to obtain statistics of precipitation induced by typhoons that have 99 struck Taiwan between 1993 and 2013. In this study, the total accumulated rainfall for each 100 typhoon is obtained within a time period when the typhoon center is within a distance of 100 101 km to the nearest coastline, similar to the definition in Chang et al. (2013) . In addition, an 102 index of the average rainfall amount for a single station during the typhoon's influence is 103 calculated by summing up the total accumulated rainfall from all the available rain gauges with the highest average rainfall amount based on Con-ST (21 stations; Fig. 1a ), 4 occurred 112 before 2004 [Typhoons Herb (1996) , Zeb (1998 ), Xangsane (2000 , and Nari (2001)] and the 113 rest 8 typhoons occurred after 2004, consistent with the results in Chang et al. (2013) based 114 on typhoons from 1960 to 2011. However, if the reference is expanded to include all data 115 from All-ST (about 250 to 500 stations; Fig. 1 ), the number of typhoons before 2004 116 becomes 3, yet with some different composition [Typhoons Herb (1996) , Toraji and Nari 117 (2001) ; Table 1 ] compared to Con-ST. Figure 3 shows the average accumulated rainfall 118 amount (mm) per station from 53 typhoons within the 21 years. The average rainfall 119 amount is calculated with two approaches, solely based on the Con-ST or with All-ST. The 120 statistical analysis indicates slightly increasing, yet statistically-insignificant (with very 121 small correlation coefficient of about 0.2 in Fig. 3 ), trend of the average rainfall for both 122
Con-ST and All-ST. A clear difference can be found in the fitting lines (dotted lines in Fig.  123 3) of the average rainfall between the top 10% Con-ST and All-ST. Although both dashed 124 lines show similar increasing temporal trends, each line has rather weak linear-regression 125 correlation. The number of typhoon cases with average rainfall exceeding 150 mm appears 126 to be higher after 2004 as compared to those before 2004, as indicated in Chang et al. (2013) . 127
For each typhoon case, the mean value of average rainfall for a single station based on the 128
All-ST data is larger than that based on the Con-ST by about 8 mm. 129
To further examine the above observation, we divide the data into two 10-year groups: 130
Data-1 for 1994-2003 and Data-2 for 2004-2013. Table 2 shows results from the T-test 131 6 rainfall for Con-ST and All-ST (Table 3 ). It is found that the P-value is less than 0.05 for 139 the comparison of the top 10% and 15% groups, indicating significant difference in average 140 hourly rainfall per station between the top 10% and 15 % of both Con-ST and All-ST. This 141 analysis shows that although the average rainfall amount calculated from Con-ST is similar 142 to that from All-ST, Con-ST cannot identify the precipitation extremes (such as the top 143 10% and 15 % rainfall amount).
Hereafter, further analysis based on stations with the top 144 10% rainfall is constructed to show more statistics related to extreme rainfall. 145
The top 10 % rain gauge stations for the top 10 highest ranking typhoons (hereafter, 146 referred to as top 10 typhoons, with each name indicated in both Figs. 3 and 4) in terms of 147 average rainfall amount based on All-ST data are mostly distributed over the mountainous 148 areas of above 1000 m altitude, where only 3 of the 21 conventional stations (Con-ST) are 149 located (cf. Figs. 1 and 4 ). In addition, most of the top 10 typhoons passed over northern 150 Taiwan (Figs. 4a, c, d, e, f, g, i, j) . The relationship between the average accumulated 151 rainfall per station calculated based on All-ST with respect to the duration of each typhoon's 152 influence over Taiwan is displayed in Fig. 5 . The positive correlation between the average 153 rainfall and duration is more evident in the assessment for the top 10 typhoons (black), with 154 a correlation coefficient (R) of 0.77. Meanwhile, the correlation coefficient between the 155 average rainfall and the duration time for all 53 typhoons slightly decreases to about 0.67. 156
However, the correlation coefficient drops to 0.28 when the data from the top 10 typhoons 157 are excluded, suggesting that a strong correlation between the average rainfall and the impact 158 duration of a typhoon mainly exists for typhoons with the most pronounced rainfall. 159
To further understand the statistical difference between the Con-ST and the All-ST in 160 the mountainous areas, the ratio of rainfall over the mountainous areas to the total rainfall 161 amount is examined. The mean ratios calculated from Con-ST above 3000 m, 2000 m, and 162 1000 m averaged for all typhoon cases are 8.2 %, 18.6 %, and 23.7 %, respectively ( Fig. 6a) , 163 while the mean ratios from the All-ST are strongly reduced to 0.9 %, 3.0 %, and 9.1 % ( Fig.  164 6b). Note that only one (Yushan station) out of the 21 conventional stations is located 165 above the elevation of 3000 m and only another one (Alishan station) is located between the 166 elevations of 2000 m and 3000 m (Fig. 1a ). It has been shown that the location of Alishan 167 station is close to one of the heavy precipitation centers during typhoon rainfall events (Wu 168 et al. 2002; Yu and Cheng 2014) . Therefore, the percentage of rainfall at higher elevations Figure 8 shows the average hourly 179 rainfall per station of the three track types of typhoons based on the rain gauge data in four 180 different zones of Taiwan. In northern, central, and southern Taiwan, the N-type typhoons 181 produce the largest average hourly rainfall in each portion of Taiwan as compared to those in 182 the other two track types. In particular, the largest average hourly rainfall produced by the 183 N-type typhoons occurs in both central and southern Taiwan, which is more than the hourly 184 rainfall in northern Taiwan where the storm centers pass by (Fig. 7a ). This result is 185 consistent with the previous findings (Wu and Kuo 1999) that the cyclonic circulation of the 186 typhoons can interact with the low-level southwesterly flow to strengthen the confluence 187 flow while the convection is further enhanced at the upslope side of the Central Mountain 188 Range of Taiwan, thus leading to the heavy rainfall in central and southern Taiwan. 189 Meanwhile, the smallest average hourly rainfall occurs in eastern Taiwan for the N-type 190 typhoons since it is located to the lee side of the Central Mountain Range as the storm 191 centers pass over northern Taiwan (Wu et al. 2002) . Same as the results obtained from 192
All-ST, the largest average hourly rainfall of Con-ST produced by the N-type typhoons 193 occurs in central Taiwan with a value of 12.53 mm h -1 (Fig. 8) . Figure 8 demonstrates that 194 the average rainfall from Con-ST have a clear positive bias as compared to central Taiwan. This is in part due to the fact that the three mountainous rain gauges in 196 Con-ST above 1000 m elevation are all located in central Taiwan (cf. Figs. 1a and 4) , thus 197 leading to a much higher average hourly rainfall from To understand the difference in the percentage of stations that measure the rainfall 199 above certain criteria between Con-ST and All-ST, the cumulative frequency (Wu et al. 2002, 200 2013) of the average hourly rainfall is examined and compared among the three track types 201 ( Fig. 9 ). One common robust feature among different track types is that the cumulative 202 frequency assessed by data from stations at elevation below 500 m (black lines) is closer to 203 that from stations at all elevations (red lines), while the cumulative frequency assessed by 204 data from stations above 500 m (mountainous areas) deviates from it. For stations located 205 above 500 m, the cumulative frequency based on the Con-ST is generally higher than that 206 associated with All-ST for the N and C types, as well as for all cases of 53 typhoons. In 207 contrast, higher percentage of Con-ST measures the average hourly rainfall below 4 mm h -1 , 208 while smaller percentage of Con-ST measures hourly rainfall between 4 and 10 mm h -1 209 (green lines in Fig. 9c ). With only 4 conventional stations (out of the total of 21) located 210 above 500 m, the cumulative frequency from Con-ST in the mountainous areas is likely less 211 representative and biased toward larger rainfall amount in the N and C types, while stronger 212 (lighter) rainfalls in the S type are underestimated (overestimated).
Furthermore, from 213 both Con-ST and All-ST the cumulative frequency calculated with data from stations above 214 500 m is evidently higher in both N and C types as compared to that below 500 m (i.e., the 215 green lines are located well above the red and black lines in Fig. 9a, b, c) . In other words, 216 precipitation induced by typhoons which pass over northern and central Taiwan mostly 217 occurs at higher elevations. This statistical characteristic highlights the importance of 218 topographically forced vertical motions in intensifying rainfall as the N and C type typhoons 219 bring strong westerly and/or southwesterly flow impinging on the mountainous region of 220 central and southern Taiwan (Wu et al. 2002; Yu and Cheng 2013; Yu and Cheng 2014) . 221
The extreme rainfall amount is shown in Fig. 10 as the accumulated rainfall calculated 222 based on the highest 10 % accumulated rainfalls during the influence of typhoons. Such 223 extreme rainfall is underestimated, on average, by 23.3, 43.5, and 37.2 % in N, C and S types, 224 respectively (Table 4) as Gladys (1994) and Herb (1996) in the N type, and Wutip (2007) 
Summary 233
The statistical characteristics of rainfall associated with 53 typhoons from 1993 to 2013 234 are examined based on the rainfall data of all the available automatic rain gauges (All-ST) 235 and conventional weather stations (Con-ST) from the CWB of Taiwan. Analysis from both 236 kinds of data indicates a statistically-insignificant slightly increasing trend of average rainfall 237 amount produced by typhoons during the 21 years. In addition, a strong correlation 238 between the average rainfall and the impact duration of a typhoon exists mainly for typhoons 239 with the most pronounced rainfall based on All-ST data. The top 10 typhoons in terms of 240 average rainfall amount from the All-ST are found to pass over northern Taiwan, which leads 241 to larger rainfall over the mountainous regions of central and southwestern Taiwan. 242
Although the average rainfall amount assessed by Con-ST is statistically similar to that 243 evaluated by data from All-ST, the rainfall data of the Con-ST cannot accurately capture the 244 main features of both precipitation extremes and rainfall distribution, especially for the 245 mountainous areas. The uneven distribution and very few numbers of Con-ST over the 246 mountainous regions (only 3 stations are located above the elevation of 1000 m) are likely to 247 cause such biases in the interpretation of rainfall patterns at higher elevations where major 248 typhoon-induced extreme rainfall tends to occur. Under such circumstance, the rainfall 249 measured by Con-ST over mountains is relatively overestimated, and the cumulative 250 frequency calculated is less representative. Accordingly, analyses of statistical rainfall 251 features solely based on the Con-ST, as adopted in some previous studies, may be at risk of 252 bias to a certain degree in depicting the long-term statistical characteristics. 253
The top 10 % rain gauge stations for the top 10 typhoons in terms of average rainfall 254 amount based on the All-ST are mostly distributed over the mountainous areas. In addition, 255 the cumulative frequency for rain gauge stations above 500 m is higher than that for rain 256 gauge stations below 500 m, indicating the important role of topography in affecting the 257 rainfall distribution and amount. In all, this study highlights the value of the use of the 258 high-density rain-gauge data, especially over the mountainous areas, in identifying 259 representative statistics of the typhoon-induced rainfall in Taiwan. Morakot's catastrophic rainfall with a convection-permitting mesoscale ensemble 327 system. Wea . Forecasting, 25, 1816 Table 2 .
T-test between Data-1 an Data-2 of Con-ST and All-ST with T values and P 334
values for comparison. Data-1 and Data-2 are two 10-year groups ranging between 335 1994-2003 and 2004-2013, respectively. 336 where the typhoon center is at 100 km to the nearest coastline (indicated by purple 460 numbers) when approaching Taiwan and ends where the typhoon center is 100 km away 461 from the nearest coastline (indicated by black numbers) when departing Taiwan. Table  462 on the bottom right shows corresponding typhoons with their case numbers. 463 464 465 Figure 8 . The average hourly rainfall amount per station (mm h -1 ) based on data from the 466 All-ST and solely on Con-ST located in the four zones of Taiwan, averaged by groups 467 of N-, C-, and S-type typhoons, respectively. 468 Figure 9 . The cumulative frequency of average hourly rainfall calculated with rainfall data 471 from the Con-ST and All-ST as well as those located below or above 500 m for (a) N, 472 corresponding to each case number of each type are indicated in Fig. 7 . 481
